In a multilevel study to determine limits to underplanted conifer seedling growth, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), grand fir (Abies grandis (Dougl. ex D. Don) Lindl.), western redcedar (Thuja plicata Donn ex D. Don), and western hemlock (Tsuga heterophylla (Raf.) Sarg.) seedlings were planted beneath second-growth Douglas-fir stands that had been thinned to basal areas ranging from 16 to 31 m 2 /ha. Understory vegetation was treated with a broadcast herbicide application prior to thinning, a directed release herbicide application 2 years later, or no treatment beyond harvest disturbance. Residual overstory density was negatively correlated with percent survival for all four species. Broadcast herbicide application improved survival of grand fir and western hemlock. Western redcedar, grand fir, and western hemlock stem volumes were inversely related to overstory tree density, and this effect increased over time. There was a strong indication that this was also the case for Douglas-fir. Reduction of competing understory vegetation resulted in larger fourth-year stem volumes in grand fir and western hemlock.
Introduction
Increasing structural complexity to maintain biodiversity and mature forest wildlife habitat has become an important management objective for many young, managed stands in the Pacific Northwest (Franklin et al. 1997; Hayes et al. 1997) . Silvicultural practices such as two-storied and unevenaged stand structures are proposed to achieve structural objectives, as well as those of timber production and aesthetics. Thinning or partial harvesting can accelerate development of mature forest characteristics by accelerating the growth of residual trees and allowing the formation of a more complex understory of hardwoods and conifers (Newton and Cole 1987; McComb et al. 1993; Cole 1996; DeBell et al. 1997; Tappeiner et al. 1997) . Ensuring that sufficient conifer regeneration develops to achieve stocking and latesuccessional habitat objectives will be an important aspect of these future, long-cycle silvicultural systems. Where natural regeneration is considered inadequate or uncertain, planting may be an option to establish the next cohort of conifers (Tesch and Mann 1991; Minore and Laacke 1992) .
Information on survival and growth of Pacific Northwest conifer seedlings under partial canopies created through silvicultural interventions is limited. Several studies have found that the conifer species of the Pacific Northwest, including those considered to be shade tolerant, generally grew best under full or nearly full sunlight (Emmingham and Waring 1973; Minore et al. 1977; Del Rio and Berg 1979; Hermann and Lavender 1990; Carter and Klinka 1992; Wang et al. 1994; . However, levels of partial overstory retention that would allow sufficient conifer seedling survival and growth to meet stocking and habitat objectives have not been well defined. Studies of shelterwoods in southwestern Oregon provide some insight into the potential performance of underplanted seedlings (reviewed in Tesch and Mann 1991; Tesch and Helms 1992) . However, the western Oregon Coast Range and Willamette Valley fringe climate is substantially cooler and moister, so studies from southwestern Oregon may have limited use in predicting seedling vigor under partial canopies there.
Competition for light and soil moisture from fast-growing herbaceous vegetation and sprouting shrubs can endanger the success of a plantation (Conard and Radosevich 1982; Walstad et al. 1986; Newton and Preest 1988; Harrington and Tappeiner 1991; Roth and Newton 1996) . Frequently, restrictions on available light and soil moisture combine to hamper seedling development, with the effect of one being confounded by that of the other (Hobbs 1992) . Thinnings that release conifer regeneration will also release hardwood tree regeneration, shrubs, and other understory plant species ). Many of these species are very shade tolerant and strongly competitive with conifer seedlings (Tappeiner and McDonald 1984; Tappeiner et al. 1991) . Natural conifer regeneration can be seriously reduced or even eliminated by understory shrubs after the canopy has been opened .
The overall objective of this study is to develop methods for increasing structural diversity while monitoring the impacts on overstory tree growth. The objectives for this portion of the study were (i) to determine the impacts of varying levels and patterns of overstory retention on growth and survival of underplanted seedlings and (ii) to determine whether removal of understory vegetation impacted growth and survival of underplanted seedlings.
Methods

Site description
The site was located in Oregon State University's McDonaldDunn Research Forest (44°38′N, 123°12′W) in 50-year-old stands dominated by Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), with some scattered grand fir (Abies grandis (Dougl. ex D. Don) Lindl.). The stands fell within the Acer macrophyllum PurshAbies grandis association of Franklin and Dyrness (1973) Soils are residual clay loams derived from marine basalts, of the Jory (Ultisol, Xeric Haplohumult) and Price-Rittner (Inceptisol, Dystric Xerocherpt) series (Knezevich 1975) . All stands were located on northern and northwestern aspects with local relief ranging from north to southwest. The climate of the Willamette Valley fringe is described as Mediterranean, with only small amounts of precipitation from June to September.
Experimental design and treatments
A randomized complete block, split-split plot design was used (Fig. 1a) . Three 20-ha blocks were chosen on the basis of soil type and topographical position. Blocks occupied sites that were roughly upper, middle, and lower slopes on the same northwest exposure. Soil depth and site quality progressively increased lower on the slope. Blocks were divided into two equal units of 10 ha. Units were randomly assigned to receive either an even-or uneven-thinning regime. In the even-thinning regime, units would be logged to uniform specific BA retention levels; the uneven regime involved the creation of six gaps per plot in the overstory, with light thinnings between to reach the same BA retention levels as in the even thinning (Fig. 1b) . Half of the gaps were 0.06 ha; half were 0.1 ha.
Each half block was divided into four density management treatment plots of 2.5 ha each. The plots were randomly assigned one of four BA retention levels (Fig. 1b) . The BA retention levels were 16.0-18.3, 18.4-20.6, 25.2-26.3, or 28.6-30 .9 m 2 /ha, which corresponded to 33-38, 39-43, 52-55, or 59-64%, respectively, of the BA of normally stocked stands (based on full stocking at 48 m 2 /ha). Expressed in terms of relative density as calculated in Curtis (1982) , these retention levels represent relative densities of 17.3, 19.6, 25.9, and 30 .0. The relative density figures were calculated in terms of a quadratic mean diameter of 18.7 in. (1 in. = 2.54 cm) and number of trees per acre, rather than in metric units, to facilitate comparison with other stands in the Pacific Northwest.
Each plot was split into three understory vegetation management subplots randomly assigned to receive one of three treatments. The "sprayed" treatment was broadcast application of glyphosate plus imazapyr (1.68 and 0.14 kg acid equivalent/ha in 47 L/ha total spray), applied with a backpack sprayer and the "waving wand" technique described in . Application was made in late summer 1992 prior to thinning. The "released" treatment was direct application of a 2% aqueous solution of glyphosate (Accord ® ) directed within a 1-m radius around each seedling. A 3% solution of triclopyr (Garlon 4 ® ) in No. 2 diesel fuel was also basally sprayed on woody stems likely to be tolerant of glyphosate. Applications were made in late June of 1996. Care was taken to avoid spraying seedlings. The "unsprayed" treatment had no additional site preparation beyond harvest disturbance.
Thinning removed roughly 0-250 m 3 /ha (0-20 000 bd ft/ac), averaging about 125 m 3 /ha. Yarding removed most tree tops with the logs, but all branches were trimmed off in place. All blocks were logged in the fall of 1992 with a combination of cable-and groundskidding equipment to either the uneven-or the even-thinning regime at one of the four residual BA levels.
Subplots were underplanted in January of 1993 with bare-root Douglas-fir (1+1), grand fir (1+1), western redcedar (Thuja plicata Donn ex D. Don) (plug+2), and western hemlock (Tsuga heterophylla (Raf.) Sarg.) (plug+1) transplant seedlings at a spacing of 3 m 2 . Weather at the time of planting was dry and windy with temperatures near freezing. These conditions persisted for approximately 10 days after planting.
Within each subplot, four seedling measurement grids were randomly chosen, each consisting of six seedlings of the four species planted. Initial seedling height and diameter at 15 cm were measured shortly after planting. There were 144 seedlings of each species in each overstory density management and understory vegetation treatment combination (24 in each subplot with 3 replications for even thinning and 3 replications for uneven). The study tracked 1728 seedlings for each of the four species, a total of 6912 seedlings.
Seedling height and diameter (15 cm) were measured at the end of the growing season for four consecutive years. Browsing damage, mechanical damage, disease, or other conditions that might affect growth and survival were recorded. Within a 1-m radius around each seedling, visual estimates of percent shrubs, forbs, grasses, swordfern, brackenfern, and trailing blackberry were made. Percent overtopping by shrubs, herbs, swordfern, and brackenfern <5 m was estimated by projecting a cone upward from the previous year's node (Howard and Newton 1984 ). An ocular estimate of conifer canopy coverage was made in a hemispherical bubble projected around each seedling (Brandeis et al. 2001 ).
Statistical analysis
Analysis of variance (ANOVA) was used to compare survival rates under the treatment combinations for all 4 years in evenly thinned plots, and in the fourth year for unevenly thinned plots.
ANOVA and multiple linear regression techniques were used to compare yearly changes in absolute stem volume and relative growth rates (RGR) under the treatment combinations.
Stem volume index was calculated using the formula for a cone, in cm 3 :
[1]
ANOVA was used to indicate whether overstory and understory treatments had an effect on absolute stem volume index on seedlings from both evenly thinned and unevenly thinned plots based on the general experimental design. The mixed-model procedure was used to correctly calculate error terms for ANOVA comparison of treatment effects (Bennington and Thayne 1994; Littell et al. 1996) . Since measurements were taken repeatedly from the same seedling and were, therefore, not independent of one another, the ANOVA was modified to take into account repeated measures. The first-order autoregressive covariance structure was selected after comparing the test statistics generated by the restricted loglikelihood test, Akaike's information criteria, and Schwarz' Bayesian criteria (Littell et al. 1996) .
Analyses revealed a large amount of heterogeneity of variance between the even and unevenly thinned treatments. Transformations could not resolve these differences, so the analyses were split between evenly and unevenly thinned. The study plot layout was designed to allow for this separation. The resulting ANOVA for the even thinning was a randomized block, split plot. For the unevenly thinned, analysis indicated that overstory densities were not significantly different; errors were similar among densities. Therefore, densities were pooled. Main effect level was gap versus matrix, and subplot factor was understory vegetation treatment.
Graphical representation of the distribution of residuals indicated a relationship between stem volume index and its variance. Therefore, the natural log of stem volume index was used as the response variable in the ANOVA. Seedling stem volumes figures presented here have been back transformed from the least-squares means.
To examine the relationship between seedling growth and vegetation independent of treatment, multiple linear regression was used. Extra sum of squares F tests were performed to see whether there were significant differences among the experimental blocks (Ramsey and Schafer 1995) . From these tests and the graphical examination of the data, it was apparent that blocks could be pooled for regression. Stepwise selection was used to choose amongst the possible independent variables, which included overstory and understory interaction terms. Quadratic terms were tested and included in the models where applicable. Variables were screened for multicollinearity by computing correlation coefficients and examining pairwise plots.
Yearly RGR of trees that eventually died in the evenly thinned plots were calculated for the growing season before they died. RGR was calculated for each seedling the year prior to death and the mean pre-death RGR for each species was calculated on the assumption that there is an RGR below which reserve requirements for survival are not met. We used pre-death RGR as the minimum value at which a seedling could survive and compared that with the mean RGR (MRGR) of surviving seedlings from all treatments. RGR was calculated according to Hunt (1990) to determine whether seedling mortality could be predicted on the basis of growth trends:
Results
Even thinning
Seedling survival All four species exhibited increased mortality with increasing overstory density but to varying degrees (Table 1, . Douglas-fir seedling survival was notably poor under all treatment combinations (Fig. 2b) . Relatively few seedlings remained alive 4 years after planting (205 of 1728 planted in 1993). Increasing overstory density had a markedly negative effect on survival, especially during the first 2 years after outplanting.
The range of understory vegetation conditions created by the vegetation treatments did not appreciably affect western redcedar survival (Table 1) . However, Douglas-fir, grand fir, and western hemlock survival were affected by understory vegetation management. Douglas-fir seedlings in sprayed subplots had greater survival than did seedlings in the unsprayed or released subplots, which did not differ from one another. however, for Douglas-fir, these differences were small in biological terms. Only 11% of Douglas-fir seedlings survived in sprayed subplots, and 9% survived in unsprayed subplots in 28.6-30.9 m 2 /ha plots. Although this difference was statistically significant, it does not readily translate into a biologically or economically meaningful difference. For western hemlock, seedlings in sprayed subplots had consistently higher rates of survival than did those in unsprayed and released subplots (Fig. 3) . Understory vegetation also affected grand fir survival. Eighty-eight percent of grand fir seedlings planted in sprayed subplots survived, while 77% of those planted in released subplots survived. Eighty-two percent of grand fir survived in unsprayed subplots, but this average was not significantly different from those of the other two understory vegetation treatments.
Seedling growth
Overstory density reduced growth of western redcedar, grand fir, and western hemlock ( Table 2 , Figs. 4a-4d) . Heavy mortality and browsing reduced the sample of Douglas-fir to 160 seedlings (of 863 planted). Fourth-year seedlings were small under all levels of overstory (21.43 ± 4.72 cm 3 ; mean ± SE). Overstory density did not have a significant effect on growth through the fourth year.
Western redcedar seedlings were not affected by understory vegetation treatment through the fourth year. Grand fir seedlings were larger in the sprayed subplots than in unsprayed subplots, but seedlings in release subplots were not significantly different from the other two understory vegetation treatments (Fig. 5a ). Western hemlock seedlings in sprayed subplots were significantly larger than seedlings in unsprayed subplots (Fig. 5b) .
All four species of seedlings in unsprayed subplots had higher height/diameter ratios (H/D) than seedlings in sprayed subplots. Western redcedar H/D ratios were 90 ± 0.02 in sprayed subplots and H/D of 105 ± 0.02 in unsprayed subplots. Douglas-fir ratios were 96 ± 0.35 and 111 ± 0.38, grand fir were 70 ± 0.20 and 83 ± 0.20, and western hemlock were 132 ± 0.46 and 120 ± 0.45, respectively.
Uneven thinning
Seedling survival
More western redcedar, Douglas-fir, and western hemlock seedlings planted in gaps survived than did those planted in the matrix of the unevenly thinned stands (Table 3) . There was also a strong indication that this was the case for grand fir.
Spraying increased grand fir and western hemlock survival, and there is a strong indication that it also increased Douglas-fir survival. Spraying did not affect western redcedar survival.
Seedling growth
As indicated previously, overstory density did not affect overall growth of seedlings in unevenly thinned plots (Table 4). This was not surprising, because means for overstory density included seedlings in gaps and the matrix. Western redcedar had greater volume in gaps than in the matrix, but was not affected by spraying. Grand fir exhibited the reverse trend. Seedlings of western hemlock were larger in gaps and also larger in sprayed subplots. Douglas-fir did not show any 
Regression analysis
Regression analysis on individual seedlings from all plots (both evenly and unevenly thinned) indicated that separating cover variables into different percentages for each vegetation component did not explain more variance than did grouping cover parameters. The individual percentages were grouped into total canopy coverage, total overtopping, and total ground cover. Those three variables, along with initial seedling size, were consistently chosen by the stepwise variable selection procedure for all four species planted. The effects of overtopping and canopy coverage on fourth-year seedling volume are graphically summarized in the response surfaces in Figs. 6a-6d. The response surfaces were generated by calculating fourth-year seedling volumes from the regression equations after inputting values for percent overtopping and percent canopy coverage in increments of 10%. Total ground cover, although statistically significant, explained only an additional 1-2% of the variation in fourth-year seedling stem volume. Therefore, it was not included in these final models.
Regression indicated that all four species followed a similar general trend. Initial seedling stem volume explained most of the initial variation in growth, but its importance decreased over time, as did the overall explanatory power of the models. There was a gradual increase in the importance of neighboring vegetation variables, particularly overtopping and canopy cover, in explaining the variation in seedling stem volume.
Regression was also done with seedling yearly RGR as the dependent variable. However, these models were poorer in predicting volume RGR during the four growing seasons and did not explain more than 30% of the variation for any species in any year. 
Mortality threshold relative growth rate
RGR was greatly reduced before death for all conifer species (Table 5 ). The degree of RGR reduction each species tolerated before dying roughly related to its shade tolerance. For dying Douglas-fir seedlings, RGR was 22% of the MRGR of seedlings that survived for 4 years. For grand fir and western hemlock, seedlings were growing at 31 and 43% of the MRGR, respectively, one season before death. Western redcedar seedlings did not expire until their RGR declined to 45% of MRGR.
Discussion
Overstory density management
Dominant conifers left on the site will compete with the underplanted seedlings for resources, thereby reducing seedling survival (Seidel and Cochran 1981; Tesch and Mann 1991; . Competition may be especially detrimental to seedlings underplanted beneath thinned second-growth stands with vigorous overstories. In this study, planted seedling survival was negatively correlated with increasing overstory density. All four species behaved similarly, but Douglas-fir mortality was notably high. Douglas-fir mortality was especially severe during the first year after planting and was exacerbated as the residual overstory density increased. Losses of over 80% of seedlings were far in excess of mortality usually experienced in operational reforestation on similar sites in this region (Schneider and Knowe 1993; Stein 1995) , and in previous McDonald Forest experiments (Ketchum 1995) .
Much of the early mortality observed in our experiment may have been caused by desiccation of the Douglas-fir bare-root seedlings because of dry, windy, cold conditions at the time of planting. Treatment effects were still evident, however, and partial overstory retention and competition from neighboring understory vegetation clearly affected Douglasfir survival. Responses of Douglas-fir to over-and understory competition were also limited by herbivory. Blacktailed deer (Odocoileus hemionis columbiana) inflicted major damage on the Douglas-fir seedlings, leading to a loss of height increment and foliage (T.J. Brandeis, M. Newton, and E.C. Cole, paper submitted).
Other underplanting studies have been more successful in establishing Douglas-fir beneath a partial canopy (see Childs and Flint 1975; Dunlap and Helms 1983; Seidel and Head 1983; Chen 1997; Chen and Klinka 1997) . In those examples, Douglas-fir seedlings planted beneath thinned or partially harvested stands performed better than they did in our experiment; however, residual overstories were invariably less dense, and neighboring vegetation was almost completely removed. Some Douglas-fir provenances, particularly interior ones, are considered moderately shade tolerant and are capable of regenerating under light shade if understory competition is controlled (Hermann and Lavender 1990; Carter and Klinka 1992; Chen and Klinka 1997) . Variability in Douglasfir provenances' shade tolerance should be also considered in light of these differences. Coastal Oregon provenances may prove to be less shade tolerant than provenances from drier, interior sites. Future studies may consider addressing this question.
In our experiment, the four conifer species behaved similarly; although they all grew best where the residual overstory canopy and neighboring vegetation were most reduced, there were some notable differences. Western redcedar was clearly best able to establish and grow under a thinned forest canopy, even in the presence of competition from understory vegetation. However, even for this shade-tolerant species, growth decreased markedly with increasing overstory retention, even at levels well below full overstory stocking. Previous studies of western redcedar (Carter and Klinka 1992; Wang et al. 1994 ) have also shown similar trends. Growth of western hemlock and grand fir decreased with increasing overstory density, as has also been seen previously (Williamson and Ruth 1976; Emmingham et al. 1989; Carter and Klinka 1992) .
Understory vegetation management
Pre-harvest understory vegetation management had a beneficial effect on the growth of the four conifer species planted by reducing overtopping. This effect was compara- ble to that observed with post-harvest site preparation in even-aged regeneration systems (Zedaker 1981; Walstad et al. 1986; Wagner and Radosevich 1991; Stein 1995) . Although pre-harvest vegetation management is not a new concept (see Loftis 1978) , its application has been limited by technology and the predominance of even-aged stand management in the Pacific Northwest (Scott 1980; Walstad et al. 1986; Tappeiner et al. 1997) . Where allowed, pre-harvest herbicide applications with methods such as the "waving-wand technique" can be a valuable tool in securing conifer regeneration in unevenaged stand management with low densities of residual overstories .
Where understory vegetation was not controlled and logging had not substantially removed understory vegetation, conifer seedlings were quickly overtopped. Overtopping had the expected negative effects on growth (Howard and Newton 1984; Chan and Walstad 1987; Emmingham et al. 1989; Wagner 1989; Wagner and Radosevich 1991; Schneider and Knowe 1993; . Overtopping was es- (Blair and Enghard 1976; Hill 1979) . Understory vegetation responded to thinning to a lesser degree under the denser canopies, where there was both less light and much less disturbance from logging (E. Cole, unpublished data). Four years after herbicide application, the shrub species had once again colonized the treated areas and their interactions with the now larger seedlings will have to be monitored to evaluate the risk of future overtopping. If seedlings growing under less-dense overstories have achieved dominance, they may be able to remain above the quickly growing shrubs, at least until overstory leaf area suppresses both conifers and shrubs.
The release treatment had little impact on survival and growth for any species. Most mortality had occurred before treatment in the first and second growing season, and there were no differential reductions in survival afterward. Two years after application, the only visible indication of treatment in the released subplots was a slightly reduced swordfern presence immediately adjacent to the treated seedlings. Seedlings that were released had experienced full competition in their first 2 years in the field. Those seedlings had a history of suppressed growth to overcome during the brief window of opportunity provided by the release treatment.
Manual spot clearing at the time of planting around seedlings has been shown to be only marginally superior to no site preparation in increasing seedling volume (Schneider and Knowe 1993; Stein 1995) . Reduction of competing vegetation in such a limited area (1.0-1.5 m radius) around the seedling may not be sufficient to have the effect desired, especially if there is a period of intense competition before release.
Management implications
Regeneration through underplanting may be a silvicultural option in young, thinned stands of Douglas-fir in western Oregon if care is taken in matching species' shade tolerance with the density and growth rate of the residual overstory canopy. The residual BA examined here represent the range of densities being considered for management schemes for creating a more structurally diverse forest than that created with even-aged management (Newton and Cole 1987; McComb et al. 1993; Cole 1996; Franklin et al. 1997; Hayes et al. 1997) . If conifer regeneration is to be attempted by planting beneath residual basal areas in the higher end of the range of these experiments, managers should be prepared for substantial mortality, as well as seedling growth rates too slow to provide structural development over the next few decades. Only the most shade-tolerant species, such as western redcedar, should be considered under overstories that occasionally exceed 27 m 2 /ha (120 ft 2 /ac) basal area; even then, their greatly reduced growth puts their future success at risk. At the other end of the tested residual overstory density range (16-20 m 2 /ha), there is an indication that survival and growth of western redcedar, western hemlock, and grand fir planted seedlings would be generally acceptable if management objectives called for the development of two-storied stands with greater vertical structure. To satisfactorily regenerate Douglas-fir in a two-storied stand structure in this region, BA should be maintained well below 20 m 2 /ha (90 ft 2 /ac), with early and frequent re-entries to maintain the stand's BA at a density low enough to maintain acceptable growth. In addition, some form of site preparation to reduce overtopping of the seedlings by understory vegetation is recommended. These results also show that the creation of small gaps within subsequent plantings may provide a feasible alternative for developing structure.
Overstory dynamics should guide harvest frequency. The Douglas-fir overstory grows vigorously at all densities, adding about 1 m 2 /ha of BA every 2 years, with the densest stands growing most rapidly (M. Newton and E. Cole, unpublished data) . The overstory trees have responded to the thinning, and all plots have increased in basal area by an average of approximately 9% in 3 years (M. Newton and E. Cole, unpublished data). Successful establishment of a second cohort of conifers will probably require a more intense initial thinning or removal of the basal area non-uniformly to provide larger, more open areas to prevent suppression of the regeneration until the next planned entry. Future intervention must be planned to ensure continued survival of the established seedlings. Creating openings may prevent the need for future interventions, although stand structure would differ from that created by underplanting. Because mortality was preceded by severe reductions in relative growth rate for all species, monitoring to detect declining seedling vigor may serve as an early warning of impending mortality. Once detected, additional thinning, understory vegetation management, or both can be implemented to preserve conifer regeneration.
Forest conditions are far from static. The dynamic interactions between overstory trees, understory vegetation, and conifer regeneration will continue to change and will have to be monitored. Unlike regeneration of clearcuts, understory regeneration cannot be considered successful until it has survived periodic suppression by overstory trees. Table 5 . Mean relative growth rates of surviving seedlings (MRGR) and pre-death relative growth rates (RGR).
